Abstract: Diamond wing configurations for low signature vehicles have been studied in recent years. Yet, despite numerous research on highly swept, sharp edged wings, little research on aerodynamics of semi-slender wings with blunt leading-edges exists. This paper reports on the stall characteristics of the AVT-183 diamond wing configuration with variation of leading-edge roughness size and Reynolds number. Wind tunnel testing applying force and surface pressure measurements are conducted and the results presented and analysed. For the investigated Reynolds number range of 2.1 × 10 6 ≤ Re ≤ 2.7 × 10 6 there is no significant influence on the aerodynamic coefficients. However, leading-edge roughness height influences the vortex separation location. Trip dots produced the most downstream located vortex separation onset. Increasing the roughness size shifts the separation onset upstream. Prior to stall, global aerodynamic coefficients are little influenced by leading-edge roughness. In contrast, maximum lift and maximum angle of attack is reduced with increasing disturbance height. Surface pressure fluctuations show dominant broadband frequency peaks, distinctive for moderate sweep vortex breakdown. The experimental work presented here provides insights into the aerodynamic characteristics of diamond wings in a wide parameter space including a relevant angle of attack range up to post-stall.
Introduction
The understanding of the complex flow field for low/moderately swept wings (leading-edge sweep angles in the range of ϕ = 45 • -55 • ) is essential for designing modern low-radar signature uninhabited aerial vehicles (UAV) [1] . To study the flow separation onset on corresponding blunt leading edges the North Atlantic Treaty Organization's (NATO) Applied Vehicle Technology Group AVT-183 designed a generic diamond wing geometry with a rounded leading edge [2] . The flow field around this wing constitutes a vortex system that differs to some extent from "classical" leading-edge vortex separation from a sharp edge of a slender swept wing (sweep angle ϕ > 60 • ), for which extensive investigations have been conducted [3] . Relevant findings on the flow field of semi-slender wings and its dependency on wing geometry and freestream conditions is briefly presented below.
Concerning vortex breakdown, early investigations [4, 5] demonstrated a strong dependence on the leading-edge sweep angle ϕ, and small effect of the trailing edge sweep angle. Vortex breakdown is shifted downstream with increasing leading-edge sweep, this leads to an increase in maximum lift coefficient and corresponding angle of attack. Over moderately swept wings, ϕ = 50 • − 55 • , the breakdown location is close to the apex even at low incidences. Furthermore, up to ϕ = 65 • , coefficients. Schütte conducted an extensive numerical investigation of the flow field sensitivity to the change in leading-edge sweep ϕ, angle of attack α, Mach number Ma and leading-edge radius r le [13] . He demonstrated that the separation onset moves upstream with decreasing r le and ϕ, on one hand, and with increasing α and Ma, on the other. Same findings are reported by Luckring concerning the vortex separation on a 65 • delta wing [10] . In addition to r le and Ma variation, the effect of Reynolds number on the flow has been assessed: a Re increase by one order of magnitude delays separation, due to the relative viscosity reduction.
Preceding investigations of the AVT-183 diamond wing characteristics and flow fields are presented in [14, 15] . Depending on the applied leading-edge roughness, at α = 12 • , the vortex separation onset is located at about x/c r = 0.3. For a correct validation of fully turbulent computational fluid dynamics (CFD) simulations, the boundary layer in the wind tunnel tests has to be tripped. Trip dots with a disturbance height of h d = 0.15 mm located both on the upper and lower side at 7 mm arc distance from the leading edge showed a separation onset due to successful transition triggering. Increased disturbance heights lead to a more upstream separation onset, indicating overtripping. The AVT-183 research group defined the flow around the diamond wing with 0.15 mm trip dots, at Re = 2.7 × 10 6 and Ma = 0.15, as the validation case for fully turbulent numerical simulations. Several publications concluded the sensitivity of separation to the numerical setup [16] [17] [18] [19] .
The current work complements the previous wind tunnel investigations to higher angles of attack (pre-stall, stall and post-stall conditions) and additional increased roughness heights (up to h d = 2.00 mm). The investigations are conducted by means of PIV measurements, six-components balance measurements and both, steady and unsteady, surface pressure measurements. Description of the experimental methods, discussion of selected results and concluding remarks are the outline of this paper. The main part is Section 3 and includes the quantification and discussion of the vortex development with respect to angle of attack α, Reynolds number Re, relative roughness height h d /l µ and chordwise position x/c r on the global and local aerodynamic coefficients. Subsequently, the pressure coefficient fluctuations c p are investigated for the same cases. The spectral content of c p is analysed with respect to varying conditions. Broad dominant spectral peaks are identified in the post-breakdown flow field and compared to slender wing flows. Under certain conditions, a second broadband peak appears in the power spectral density (PSD), which is atypical for vortices of slender sharp-edge delta wings.
Methods
The investigations are conducted in the low-speed wind tunnel facility of the Chair of Aerodynamics and Fluid Mechanics, Department of Mechanical Engineering, Technical University of Munich (TUM-AER). The current experimental setup, the measurement techniques and the test cases are described subsequently.
Wind Tunnel Facility
The closed return wind tunnel has a rectangular nozzle cross section, measuring 1.8 m × 2.4 m, and a 4.8 m long open test section. Turbulence level of Tu < 0.4% in all directions and variations in velocity magnitude and direction within ∆U ∞ /U ∞ < 0.67% and ∆α < 0.2 • , respectively, characterize the generated freestream. The diamond wing half model is mounted on a turning table with its center located at x = 1.5 m downstream of the nozzle (Figure 1a ).
Wind Tunnel Model
The wind tunnel model represents the geometry of the AVT-183 diamond wing, which is a reduced complexity model for investigating vortex separation onset for blunt edged semi-slender sweptback wings [20] . The planform has a diamond shape, with a positive leading-edge sweep angle of ϕ LE = 53.0 • and a forward swept trailing edge ϕ TE = −26.5 • . Over the whole span, the wing has a symmetric airfoil, NACA64A006. This leads to a relative leading-edge radius of r LE /c r = 0.246%. The wing's aspect ratio is equal to Λ = 2.191 and the taper ratio λ tends to zero.
Because the investigations target only symmetric flow conditions, a half model has been developed and manufactured ( Figure 1 ) [2, 14] . The model root chord measures c r = 1.200 m and its resulting half span is s = 0.657 m. The interaction of the diamond wing flow and the test-section boundary layer is eliminated by a péniche with a height of h pen = 0.090 m. Geometric reference values for calculating force coefficients are the reference wing area S re f = 0.394 m 2 and the mean aerodynamic chord l µ = 0.800 m. The maximum relative test section blockage of 4.8% is reached at the highest angle of attack of α = 32 • . Figure 1a includes an upstream view of the test section with the mounted half wing model. The geometric characteristics of the wind tunnel model are shown in Figure 1b and summarized in Table 1 . Stereoscopic particle-image-velocimetry (PIV) measurements are essential in order to investigate the near-wall flow of the diamond wing. The current PIV setup is described in [15] . A double-pulse Nd:Yag laser (Nano TRL PIV, Litron Lasers, Rugby, UK) with a maximum energy of E = 325 mJ per pulse and a wavelength of Ψ = 532 nm is sent through a widening optic, illuminating seeding particles in selected crossflow planes at two instants (∆t = 8 ns). The measured chord sections are summarized in Table 2 . Two digital cameras fitted with Scheimpflug adapters record both instances at a sampling rate of 15 Hz. Based on the particle relative displacement, the velocity vector field is calculated for each sample by cross-correlation technique. PIV components and software are products of Lavision GmbH., Göttingen, Germany. During one measurement, 400 PIV samples are recorded, from which the averaged flow field is obtained. The inplane spatial resolution measures ∆d = 3 mm . Related to the local semispan, the PIV grid spacing decreases linearly downstream in the range 3.3% ≥ ∆d/s(x) ≥ 0.4%. The resulting velocity uncertainty for all three components respectively was found to add up to about 2% pertaining to the free stream velocity [15] . The aerodynamic coefficients of the longitudinal motion have been calculated from the forces and moments measured by a six-component strain-gauge balance (Schenk Process GmbH., Darmstadt, Germany) located under the wind tunnel floor. Only aerodynamic loads on the wing have been considered. For this reason, no contact exists between the half wing model and its péniche. The moment reference point (MRP) is located in the symmetry plane and at x MRP = 0.491 m downstream of the apex (Figure 1b ). Lift and drag coefficients represent the corresponding aerodynamic forces normalized by the reference wing area S re f and the freestream dynamic pressure, which was determined by concomitant measurements. For the pitching moment coefficient, the mean aerodynamic chord l µ is used as reference length. In the previous campaign, the short and long-term repeatability has been demonstrated [15] . The current tests reproduce the coefficients in the range −2 • ≤ α ≤ 20 • with mean deviations of: |∆C L | < 0.0046, |∆C D | < 0.0026 and |∆C MY | < 0.0008.
Surface Pressure Measurements
Blue vertical lines in Figure 1b designate the chordwise sections with mounted pressure taps. Their chordwise position and local span s(x) are summarized in Table 3 . In the vicinity of the chord sections x/c r = 0.3 and 0.4, two rows of pressure taps are closely placed (chord sections [3] [4] [5] [6] . This increased axial resolution serves for a better determination of incipient vortex separation under the target flow conditions. Three Scanivalve ZOC33/64Px modules (Scanivalve, Liberty Lake, WA, USA) measure local steady surface pressures values at 145 locations on the wing's suction side and at 17 on the pressure side with a sampling rate of 20 Hz for 10 s. The measurement accuracy is within ∆c p ≥ 0.007 [14] . For time-accurate measurements Kulite XCS-093 sensors (Kulite Semiconductor Products, Inc., Leonia, NJ, USA) are placed in eight locations on the upper wing surface. In Figure 1b , colored squares mark the position of the unsteady pressure taps. These are distributed pairwise at constant relative local span positions (y/s(x) = 0.65, 0.75) in each of the four sections at x/c r = 0.295, 0.405, 0.500 and 0.600. The transducers sampled the pressure signal at a frequency of 4000 Hz for 20 s. A low-pass filter has been set at 1000 Hz, which corresponds to a reduced frequency of k ≈ 15 (see Equation (1)). Signal sampling, conditioning and processing is conducted using the software Labview (National Instruments, TX, USA).
Test Cases
Aerodynamic forces, surface pressures and freestream conditions were acquired simultaneously at each considered angle of attack in the range of −2 • ≤ α ≤ 32 • . A polar measurement included increasing α in that range by 1 • increments. At 8 • ≤ α ≤ 16 • , the increment was reduced to 0.5 • . The current investigation focuses on the sensitivity of the aerodynamic characteristics to the change in freestream Reynolds number Re and leading-edge roughness height (relative disturbance height h d /l µ ) within the parameter space summarized in Table 4 . Freestream velocity adjustments (U ∞ ) determine the Reynolds number, which is based on the mean aerodynamic chord l µ = 0.8 m. In addition, PIV measurements were conducted at α = 16 • and Re = 2.7 × 10 6 . Roughness elements have been applied around the leading edge using the methods described in [14] . Besides the clean configuration, for which natural transition takes place, configurations representing forced transition cases with different trip strip devices have been tested. One of the configuration is equipped with trip dots. These have a cylindrical shape with a diameter of d td = 1.27 mm and a height of h d = 0.15 mm. One row of trip dots with a relative spacing along the leading edge of l spa,td /d td = 50% is located on each wing side at a relative arc distance from the leading edge of l arc,td /l µ = 0.875% (see Figures 2a,b and 3a) . The preceding investigations concluded that the optimal roughness height of h d = 0.15 mm (h d /l µ = 0.019%) trips the boundary layer prior to separation for the flow around the diamond wing at Re = 2.7 × 10 6 . Above h d /l µ = 0.024%, the flow is overtripped [14] . Layers with rough surfaces of different heights placed around the leading (carborundum grits) edge constitute the four remaining investigated trip strips. This rough surface extends at a relative arc distance of l arc,cg /l µ = 1.5% from the leading edge, both on the upper and lower wing side (see Figure 2c,d) . In contrast to the trip-dot case, carborundum grit is randomly distributed and increases the leading-edge radius (Figure 2b,d) . Grits of different sizes determine the disturbance height ( Figure 3 ). With exception of a special tape with a maximum roughness size of k s = 0.55 mm (Figure 3c ), all remaining trip strips are applied by manually distributing carborundum particles on a double sided tape with a thickness of h ad = 0.12 mm. In total, four increasing grit sizes are investigated in this work. The cases with h d /l µ = 0.025% and h d /l µ = 0.069% disturbance heights were also investigated in [14] (h d = 0.20 mm and 0.55 mm in Figure 3b ,c, respectively). The current work extends the investigations to higher angles of attack. Two additional increased relative roughness heights supplement the current wind tunnel tests, namely h d /l µ = 0.125% and h d /l µ = 0.250% (h d = 1.00 mm and 2.00 mm in Figure 4 ). Under these conditions, the disturbance height is expected to exceed the local boundary layer height and, therefore, manipulates the outer flow in form of induced premature separation. The geometric parameters of all investigated trip strips are summarized in Table 5 . 
Results and Discussion
The experimental results are presented in this section in form of crossflow vorticity distribution, global (lift, drag and pitching moment coefficients) and local aerodynamic coefficients (surface pressure coefficients). The investigation focuses on the sensitivity of the aerodynamic characteristics to the variation of Reynolds number Re and relative roughness size h d /l µ at high angles of attack α. First, the flow field at α = 16 • and the vortex development with increasing angle of attack based on spanwise pressure coefficient distribution is discussed (Sections 3.1 and 3.2, respectively). Second, the effect of parametric variation on the global and the local mean aerodynamic coefficients are assessed (Sections 3.3 and 3.4). Third, the velocity fluctuations in the flow field of the vortex breakdown inducing pressure fluctuations on the wing surface are discussed for selected configurations (Sections 3.5 and 3.6).
Flow Field Visualization
The flow field above the diamond wing investigated via stereo PIV crossflow planes is presented in Figure 5 for three different configurations. The freestream conditions are: α = 16 • and Re = 2.7 × 10 6 . False colours represent the dimensionless mean axial vorticity in all investigated 13 chord sections in the range of ω x × l µ /U ∞ = 10 − 100. Based on these, the flow topology is analysed for all investigated configurations: free transition h d /l µ = 0.000%, trip dots h d /l µ = 0.019% and trip strip h d /l µ = 0.069% (Figure 5a -c, respectively). The vortex separates and generates subsequently high vorticity values in its core. Downstream, the core expands due to vorticity feeding from the shear layer. Vortex breakdown is identified when the inplane vorticity distribution transitions from a center peak to an ellipse around the vortex rotation axis. In the breakdown flow field, the shear layer reattaches on the wing's upper surface and rolls-up around a rotational axis without vorticity feeding towards the core.
The tripping method applied at the leading edge doesn't change the flow topology. It has a more pronounced impact on the separation onset location, and consequently, on the vortex spanwise position. Comparing the configurations shown in Figure 5 , with trip dots (b), vortex separation occurs at the farthest downstream position, as the trip dot case mitigates wall separation by boundary layer tripping. Furthermore, breakdown occurs farthest upstream x/c r < 0.35, whereas the other presented cases have vortex breakdown located downstream of x/c r = 0.35. Increased disturbance heights, h d /l µ > 0.019%, can lead to premature flow separation (see Figure 5c ). The corresponding vortex is similar to the natural transition case, but with a wider core section. Further discussion on the leading-edge roughness effect is included in Section 3.4. Figure 6 includes the distribution of the mean pressure coefficient c p in the crossflow plane at x/c r = 0.295. The natural transition case is presented, in which the freestream Reynolds number is set at Re = 2.7 × 10 6 and the angle of attack increases from α = 15 • to 30 • with ∆α = 1 • increments. The suction peak designates the lateral position and the strength of the primary leading-edge vortex. With increasing α (direction showed by arrows in Figure 6 ), the vortex moves inboard and increases in diameter, while the suction level drops. The development of the pressure distribution shown in Figure 6 with varying α at a fixed chord location is similar to the downstream vortex development (increasing x/c r ) at a fixed α (see also pressure coefficient distributions in Sections 3.2 and 3.3). As such, vortex breakdown and, eventually, vortex dissipation is measured at that longitudinal location. The c p -curve of the upper side is flattening towards stall. This occurs at α ≈ 27 • , according to the lift polar in Figure 7 . Up to this incidence, a vortical structure related to vortex breakdown exists over the entire wing. At this point, vorticity feeding from the separated shear layer ceases to increase. Beyond this high angle of attack, the vortical structure becomes unstable and collapses. Wake flow with constant pressure level that increases with α is present over the wing (blue curves). On the wing's lower side, two inboard sensors register the typical pressure increase with α. Near the leading edge, however, the flow accelerates and the pressure decreases. This behaviour is observed prior to stall (black curves). During post-stall, a nose-up tendency increases the pressure even at this outboard location (blue curves). The vortex development in Figure 6 represents the unperturbed flow (h d /l µ = 0%), but describes the flow physics of all investigated cases. The effect of Reynolds number and disturbance height on the steady and unsteady pressure coefficients are discussed subsequently. 
Mean Pressure Coefficient Distribution

Reynolds Number Effect
Smooth wall separation is generally dependent on the Reynolds number. Increasing Re leads to decreasing viscous forces with respect to inertia forces. In this case, the additional kinetic energy of the boundary layer mitigates wall separation. In the current work, the freestream Reynolds number is varied in a relative narrow range of 2.1 × 10 6 ≤ Re ≤ 2.7 × 10 6 . The lift coefficients show no significant dependency on the Reynolds number ( Figure 7 ). Prior to stall, the lift increases approximately linear with the angle of attack following a slight slope decrease. In this angle of attack range, the Reynolds number variation has no effect on the coefficients. However, the largest deviations are observed around stall (α > 26 • ). At these very high angles of attack, the flow field is dominated by vortex collapse, which is more sensitive to Re than the vortex dominated flow field. The slightly higher lift coefficient measured at Re = 2.1 × 10 6 is caused by a more upstream blunt leading-edge separation, where the adverse pressure gradient is more pronounced due to high incidence. As seen in Figure 7b , the Reynolds-dependent stall behaviour differs slightly from case to case. For natural transition, a clear lift increase at 28 • ≤ α ≤ 32 • is observed when the Reynolds number is reduced to Re = 2.1 × 10 6 . In contrast, the lift coefficients at both highest freestream Reynolds numbers are similar. While the trip-dot case demonstrates no clear Reynolds number dependency, the cases with carborundum grit strip at the leading edge have increased C L,max values for the lowest investigated Reynolds number. During post-stall no clear Re-influence is observed for these cases. The Reynolds number variation has a more noticeable effect on the case with trip dots (h d /l µ = 0.019%). For this case particularly, the pitching-moment coefficient C MY increases with decreasing Reynolds number in a wide angle of attack range of 8 • ≤ α ≤ 24 • (Figure 8 ). Under these conditions, the primary vortex is developed over a major wing portion. Hence, the Reynolds number dependent pitching moment coefficient is generated by Reynolds number dependent separation onset location. Evidence for this can be found in the pressure distribution measured at varying freestream conditions (discussed below). By comparing Figures 8 and 9b a clear pattern is observed: Reynolds number decrease has the same effect on the moment coefficient as the leading-edge roughness height increase. The difference between the pressure distributions caused by Re-variation shows the associated sensitivity of the vortex separation onset and, consequently, the vortex position. The incipient vortex separation is most sensitive to the freestream Reynolds number for the configuration with trip dots. This results from the relation between the disturbance height h d and the critical roughness height k crit . According to [21] , a laminar boundary layer transitions to turbulence if h d ≥ k crit . A disturbance below this threshold is dampened because of the viscous forces that dominate with decreasing wall distance. Thus, the instability leading to transition is delayed or not triggered. To that effect, the height and the streamwise position of the tripping devices is crucial for a forced boundary layer transition without reversing the effect (overtripping). The optimal tripping device has been extensively investigated in [14] . The trip dots (h d /l µ = 0.019%) proved to be the best candidate although the estimated critical roughness height for zero-pressure-gradient boundary layer is approximately three times lower. The chosen disturbance height is necessary to destabilize the rather stable accelerated flow between the separating streamline of the lower side and the leading edge. The Reynolds number decrease from Re = 2.7 × 10 6 to 2.1 × 10 6 (see Figure 10 ) leads to a boundary layer thickening and an increase of k crit , eventually above the disturbance height. As effect, the disturbance is not high enough to trigger transition and premature laminar separation may take place. In conclusion, the decrease in Reynolds number for a fixed critical roughness height has the same effect on the flow as the reduction of the supercritical disturbance height (see Figure 11 ).
Leading-Edge Roughness Effect
The aerodynamic coefficients of lift C L , drag C D and pitching moment C MY are plotted in Figure 9 as function of angle of attack α for all investigated relative leading-edge roughness heights h d /l µ . In addition to the experiments in [14] , the measured incidence range, −2 • ≤ α ≤ 32 • , includes pre-stall, stall and post-stall flight regimes, which is the focus of the present study. All measured relative disturbance heights are compared: h d /lµ = 0.000% (natural transition), 0.019% (trip dots), 0.025%, 0.069%, 0.125% and 0.250% (grit surfaces). The results refer to measurements carried out at freestream Reynolds numbers of Re = 2.7 × 10 6 and 2.4 × 10 6 . The comparison is justified by the Reynolds-number insensitivity on the global coefficients in the range 2.1 × 10 6 ≤ Re ≤ 2.7 × 10 6 for all supercritical disturbances (see above).
Up to the pre-stall regime, α ≤ 23 • , the lift coefficient shows no significant dependency on h d /l µ (see Figure 9a) . The lift increase is nearly linear. Before reaching stall, the C L -gradient decreases. This lift slope is typical for blunt non-slender wing configurations: the vortical lift portion is barely measurable, concluding the formation of a rather weak vortex [22] . The maximum lift is reached at α max = 26 • -27 • for all measured cases. Above this incidence, however, the lift coefficient slopes diverge. The natural transition and the forced transition with trip dots (designated as red squares and blue deltas, respectively) have similar lift coefficients, with highest values during post-stall. For α ≥ 28 • , the extremely overtripped cases, h d /l µ = 0.125% (pink right triangles) and 0.250% (orange diamonds) produce the lowest lift coefficients , compared to other disturbance heights. In between these curves lie the moderately overtripped configurations, h d /l µ = 0.025% (black circles) and 0.069% (green gradient). The latter configuration has lift coefficients lower than the previous one. This concludes a clear negative correlation between roughness height and post-stall lift coefficient: with increasing roughness, stall is more abrupt and occurs at lower incidences. However, this trend reaches a saturation region. Although the increase in roughness height between the roughest configurations is disproportionately larger than for the rest, these cases have similar lift coefficients. The reason is that the roughness height reaches the boundary layer edge. In comparison, the estimated turbulent boundary layer thickness of a hydraulically rough flat plate at x = 0.01 m distance from the edge, at similar flow conditions is δ ≈ 0.4 mm [23] ). Therefore, the disturbance at the leading edge reaches the accelerated outer flow, leading to premature separation, which does not shift with further h d /l µ increase.
The roughness effect on the pitching-moment coefficient is displayed in Figure 9b . The trend discussed in [14] is reproduced in the current study, supplemented by the larger roughness heights and angles of attack up to post-stall. The observation from the previous work is valid as well for the additional configurations, with h d /l µ = 0.125% and 0.250%. For positive angles of attack up to α ≈ 8 • , all pitching-moment curves coincide and have a linear development with α. In the range 8 • ≤ α ≤ 24 • , the pitching-moment slope becomes nonlinear and decreases continuously. The nonlinearity is associated with the leading-edge separation and vortex development, which is strongly dependent on the tripping method. In [14] the trip-dot case showed reproducible delayed separation at the leading edge due to the forced laminar-turbulent transition. In the current investigation as well, trip dots successfully delay leading-edge separation, thus, increasing the vortex lift aft of the relative moment reference point x MRP /c r = 0.409. As a result, the pitching moment coefficient decreases with respect to other cases. Without any forced boundary-layer tripping, leading-edge separation occurs at lower incidences generating a higher pitching moment than forced transition (red squares in Figure 9 ). A disturbance height increase (above 0.025%) promotes flow separation leading to a vortex upstream shift. In consequence, more vorticity is fed aft of x MRP /c r . As a result, the pitching moment rises with the leading-edge roughness height.
At α ≥ 24 • , however, the above discussed relationship between overtripped roughness height and the pitching moment loses its validity. The negative slope δC MY /δα is the steepest for both roughest leading edges (h d /l µ = 0.125% and 0.250%). These two cases reach the minimum pitching-moment coefficient of C MY,min = −0.142 at α = 28 • . The other tripped cases have a slightly lower C MY -minimum at α = 29 • , while the free-transition C MY -gradient changes its sign at the highest angle of attack, α = 30 • . By increasing α beyond C MY,min , the pitching-moment rises again with a strong dependency on h d : increasing the tripping height causes steeper pitching-moment slopes and minimum pitching moment at lower angles of attack.
Equivalent to the pitching moment, the trend of the drag coefficient (see Figure 9c ) can be roughly divided into three regions: the region with predominantly attached flow (α ≤ 5 • ), the vortex-development region (5 • ≤ α ≤ 24 • ) and the stall region (α ≥ 24 • ). Figure 9d shows a zoom-in part of the drag polar, where the roughness effect on the drag coefficient at low angles of attack is evidenced. Error bars for two configurations, clean and with trip dots, demonstrate that the difference in drag between tripping methods is greater than the measurement uncertainty. In the first region, drag is predominantly caused by wall friction. The clean configuration produces the lowest drag due to longest laminar region. Roughening the surface increases wall shear and, consequently, drag. In the second α-region, vortex growth causes a lift-dependent drag increase. The configuration with trip dots has the largest region of attached flow around the leading edge, resulting in the highest leading-edge suction and the least drag. With increasing angle of attack, the blue curve diverges from the rest towards lower C D values caused by increasing thrust force at the leading edge. The C D curve corresponding to natural transition is closest to the next roughest grit strip, h d /l µ = 0.025%. Both cases have similar vortex position and strength, as seen in the spanwise load distribution of Figure 11 . Consistent with the other global aerodynamic coefficients, C D increases with the roughness height. Maximum drag is reached for all configurations at slightly higher angles of attack than maximum lift. During stall, the leading-edge suction force decreases rapidly with increasing α contributing to drag increase while lift values stagnate. As the vortex collapses over the wing and a constant pressure wake flow dominates, a further increase in angle of attack reduces both lift and drag coefficients, as the pressure rises on the suction side. The pitching moment has its extremum at higher angles of attack than the lift, as well. Under these conditions, the collapse of the vortex is responsible for the C MY rise. This phenomenon shows a strong dependency on the tripping method. The post-stall curves of the coefficients C L , C D and C MY follow the same trend: While increasing the angle of attack, vortex collapse is promoted with increased leading-edge roughness heights, accelerating stall. At post-stall, the aerodynamic coefficients are stationary for leading-edge roughness heights above h d /l µ = 0.125%. Figures 11 and 12 compare pressure coefficient distributions for all investigated dimensionless roughness heights h d /l µ . At α = 15 • and Re = 2.7 × 10 6 , the primary vortex is developed over the entire measured wing portion (Figure 11 ). Only with trip dots, the flow is attached at x/c r = 0.1. In the apex region, the flow is strongly dependent on the roughness height. As expected, the delayed separation around the wing with trip dots generates the most concentrated vortex. Its position is farthest outboard and generates the highest suction (c p,avg = −4.2 at x/c r = 0.2). Excluding the natural transition case, the vortex position and strength is correlated with the roughness height at the leading edge: increased disturbance height leads to a farther inboard vortex location and a larger vortex cross section. Both effects are caused by premature separation and a wider separated shear layer, that rolls up into the primary vortex. Downstream, spanwise pressure curves flatten and tend to converge. Thus, the flow field becomes less dependent on the leading-edge roughness height at sufficient downstream distance from the vortex breakdown location. Figure 12 consolidates the roughness effect on the post-stall aerodynamic coefficients discussed above. At α = 29 • , the highest suction is present for the clean and trip-dot case explaining the increased C L and C D values. In addition, these cases have a distinct pressure coefficient distribution in the apex region (x/c r = 0.1). Starting from the leading edge, the pressure increases inboards, after which it decreases mildly, reaching its negative peak in the symmetry plane. This suggests that reattachment is still present in this chord section. In contrast, the overtripped cases have a nearly constant pressure distribution in all measured crossflow planes, which is typical for stalled wings. The dead water region over the diamond wing can be well influenced by applying different roughness heights. At the leading edge, flow disturbances with amplitudes proportional to the applied roughness height are induced in the shear layer. By increasing the disturbance amplitude, the turbulent mixing is promoted in the shear layer. Therefore, the shear layer is expected to thicken with higher disturbances. The shear layer thickness influences the volume of the enclosed dead-water region and, therefore, the wake pressure. From a flight mechanics point of view, the roughness height increase accelerates the vortex collapse during stall, generating a steeper stall behaviour (see Figure 9 ). 
Analysis of Transient Surface Pressure Coefficient
Time-dependent pressure coefficients have been determined at specific locations placed on the wing's upper surface (see Section 2.3.3). The resulting time sequences of pressure coefficient fluctuations c p are shown e.g., in Figure 13 Figure 6 ).
With increasing angle of attack, the vortex grows and its breakdown location shifts upstream. Hence, the recorded pressure signal changes accordingly. Amplitudes and high frequency oscillations are dampened with increasing angle of attack. In Figure 13b , a similar pattern is observed in the downstream signal evolution at y/s(x) = 0.75. At the angle of attack of α = 15 • , the vortex is positioned above the outboard unsteady pressure sensors (compare Figure 11) . Hence, the fluctuations underneath the primary vortex are displayed. In this graph, the signals are measured simultaneously, but no clear downstream correlation between signals can be determined. This indicates that the instabilities in the flow field are rather local and that there are no large flow structures, i.e., discrete vortices extending 10% chord length downstream. The breakdown flow shows a more broadband turbulence pattern than for slender swept wings, as observed also by [8] . In Figure 14 , transient pressure coefficients at y/s(x) = 0.75 are analysed statistically for all angles of attack. The time averaged pressure coefficient c p,avg (empty circles) decreases linearly with the angle of attack (inverse y-axis), as long as the flow is attached. Separation occurs when the pressure slope changes sign twice. The following abrupt suction increase is generated by the increasing vortex strength. After minimum pressure is reached, a further increase in α leads to a slow pressure rise, associated with vortex breakdown. A small plateau is present around stall, when vortex collapse is expected, followed by further pressure rise during post-stall.
The right ordinates in Figure 14 represent the rms value. At incidences with predominantly attached flow, α < 6 • , the fluctuations are very small, but rise rapidly as soon as separation occurs locally. This happens before the abrupt pressure decrease, meaning that the vortex is sensed first by increasing fluctuations and then by suction increase. The comparative graphs point out that the extremum max(c p,rms ) precedes max(c p,avg ) for all configurations. This indicates, that the source of unsteadiness is located around the vortex core, under which high suction is present. Hence, instabilities in the shear layer are majorly responsible for the pressure fluctuations, as observed also in [7, 8] .
While each average pressure coefficient curve has one peak, the rms value has for each presented configuration two, sometimes several, peaks. As the angle of attack increases, a sharp local peak c p,rms is generally followed by a flat one that occurs at significantly higher angles of attack. The curve's progression during increasing angle of attack is the effect of the vortex increase in strength and cross-section. The first peak of c p,rms is measured, while the sensor is situated at the inboard edge of the pressure footprint of the vortex. The rms values decrease, reaching a local minimum, while the suction still rises. A further vortex expansion with angle of attack leads to slow c p,avg decrease and a c p,rms increase. The curves of Figure 14 are qualitatively similar downstream. The incipient separation moves upstream during α increase. The mean pressure increases downstream and the pressure fluctuations decrease, as breakdown moves farther towards the apex. For all configurations, stall is detected by a kink in c p,rms (α) curves that occurs at similar angles of attack for all chordwise positions. The vortex collapse, occurring simultaneously above all measured chord sections, is expected under these freestream conditions.
As shown in the comparative graphs (Figure 14a-d) , the roughness size has a noticeable effect on the vortex development. Underneath the unperturbed vortex (Figure 14a) , the rms pressure coefficient has a similar distribution with angle of attack in all shown chord sections. The first peak is relatively sharp and the second one forms a plateau in the range of 17 • ≤ α ≤ 22 • . The second graph (Figure 14b) shows the trip-dot configuration. For this case, separation is delayed the most, according to the linear curve region. Once separation occurs, pressure fluctuations rise rapidly with α and reach the highest amplitudes compared to other configurations in all four sections. This suggests, that the highest vortex system unsteadiness is generated whit maximum vortex separation delay. In addition, the c p,rms peak is sharp for the first two chordwise positions, while downstream the peak is barely noticeable. For the overtripped cases (Figure 14c,d) , the fluctuations rise less abruptly and reach lower maximum values than for lower disturbance heights. For h d /l µ = 0.250% (Figure 14d ), the first rms peak has the lowest value compared to other cases. The typical rms plateau, described above, does not change in value when the normalized disturbance height is increased from h d /l µ = 0.069% to 0.250%. Hence, increased damping of surface pressure fluctuations is associated with leading-edge roughness size until saturation conditions are reached.
Spectral Analysis
In order to detect dominant frequencies that can be attributed to flow instabilities, the power spectral densities PSD as a function of reduced frequency are presented in Figure 15 on a double logarithmic scale. The PSD is computed by discrete Fourrier transformation of a complete measured signal of 80,000 samples without using a window function. In addition, band-averaging over 1024 bands is applied in the frequency domain. The reduced frequency k is the frequency f normalized by the mean aerodynamic chord length l µ and the freestream velocity U ∞ :
The displayed results were measured on the upper surface of the clean diamond wing model at Re = 2.7 × 10 6 , but represent well the qualitative progression of the power spectra for all investigated cases with respect to α and sensor location (x/c r and y/s(x)). Figure 13a . At low angles of attack, the flow around the diamond wing is mainly attached and steady. The power spectrum has low values with no significant peak. While increasing the angle of attack, the vortex grows and moves upstream, approaching the sensor location. In the range of 8 • ≤ α ≤ 12 • , the pressure fluctuations are rapidly amplified with increasing α, still with no dominant peak in the spectral domain. At α ≈ 18 • , a first dominant broadband frequency peak is detected. In contrast, vortex breakdown above slender delta wings typically exhibits one narrowband peak associated with the helical mode instability [24, 25] . The breakdown of non-slender wings is more random, hence, flow structures of different scales are present. In this regard, the peak detection is more difficult. With further increase in angle of attack, the peak shifts to lower frequencies and a second broad band peak is measured at higher frequencies (α = 21 • ). Prior to stall (α = 24 • ), the higher frequency peak is barely measurable. At stall and post-stall the dominant peak shifts to lower frequencies and flattens until only anisotropic low energy turbulence is detected over the stalled wing. 
As discussed previously, the induced pressure fluctuations on the wing surface depend mainly on the relative position between the sensor and the vortex breakdown. As the angle of attack increases, the vortex breakdown location shifts upstream and the breakdown flow expands, in consistency with the dominant frequency reduction. At a fixed angle of attack of α = 15 • , the signals of the four most aft positioned pressure transducers are transformed into the spectral domain and the resulting PSD with respect to k are compared in Figure 15b . In this particular case, the breakdown region is dominated by broadband peaks. Two distinct peaks are detected at three sensor locations. At x/c r = 0.500 and y/s(x) = 0.75, however, a plateau in a relative high frequency range of k ≈ 3-6 is detected instead of two distinctive peaks. Consequently, the inboard breakdown flow region is dominated by two flow instabilities: shear-layer instability and vortex breakdown. In the most aft chord section, x/c r = 0.6, the PSD levels increase at a more inboard location. At the same time, both dominant peaks get farther apart in the frequency space: the first dominant frequency decreases, while the second increases slightly. The approximate values of the dominant reduced frequency k dom are plotted in Figure 16 as function of angle of attack. The first detected peak k dom,1 is designated with full symbols, while empty symbols represent the higher dominant reduced frequency k dom,2 . In addition, three roughness heights are compared at six sensor locations. The dashed lines represent the reduced frequencies of the helical mode instability, as deduced empirically in [25] :
The dimensionless helical mode frequency k h is dependent on the chordwise position x, angle of attack α and leading-edge sweep angle ϕ, the latter being constant. As described above, the pressure fluctuations rise rapidly with the angle of attack and uniformly in the investigated spectrum. Depending on the configuration, first peaks are detected by the most aft, outboard sensor (x/c r = 0.6, y/s(x) = 0.75) at α ≈ 11 • . The dominant reduced frequencies decrease downstream, suggesting increasing wavelength with the vortex cross section. The increase in α leads as well to decreasing dominant frequencies, as breakdown shifts upstream. The presence of two dominant peaks suggests that two distinct instabilities are present downstream of breakdown. The second dominant reduced frequency decreases at a higher rate with increasing α. The graphs show that both dominant frequencies converge with increasing angle of attack, until only one peak is detected. The shear layer instabilities and fluctuations of the stationary discrete vortices have been identified as one important source of breakdown and unsteadiness for non-slender delta wings [8, 9] . However, these investigations did not identify two spectral peaks. At sufficiently high angles of attack, the higher frequency instability dissipates or merges with the first instability that is detected up to α = 30 • . The first spectral peak takes values close to the helical mode frequency range, as reported also in [7] . However, the slope of the measured peaks k dom (α) is generally steeper than that of the calculated ones k h (α).
All three investigated configurations (natural, forced and overtripped boundary layer) have similar values in the k dom -α-space. This indicates that the disturbances induced at the leading-edge separation does not affect the vortex system unsteadiness in the breakdown stage. The roughness height has a greater effect on the vortex separation onset location and the amplitudes of pressure fluctuations (as discussed above). However, distinct features can be extracted by comparing the dominant peaks of the configurations. The unsteady surface pressure has highest dominant frequencies for the fully turbulent case (blue triangles), especially in the outboard region. This is the effect of delayed vortex separation and a more concentrated, farther outboard vortex. Towards high incidences, the dominant frequencies for different configurations converge. The primary vortex of the natural and overtripped case is situated farther inboard, therefore, the sensors located at 0.65 relative local span detect dominant frequencies over a wider α-range (compare left graphs with right graphs in Figure 16 ).
The unsteady pressure coefficients investigated in the spectral domain for a considerable parameter space reveals the unsteady character of the flow field in the post-breakdown region. The investigations identify the presence of two dominant broadband frequency peaks associated with two instabilities: shear-layer and breakdown instability. The vortex high-incidence dynamics is little affected by the leading-edge roughness height, which affects predominantly the separation onset location. Figure 16 . Dominant peaks (first peak with full symbols, second one with empty symbols) measured at six sensor locations as function of angle of attack for three cases: free transition case h d /l µ = 0.000% (red squares), case with trip dots h d /l µ = 0.019% (blue triangles) and overtripped case h d /l µ = 0.250% (orange diamonds). Dashed curves follow the maximum and minimum empirical helical mode frequency typical for slender delta wings [25] .
Conclusions
Global and local aerodynamic coefficients of the AVT-183 diamond wing are investigated in a wide angle of attack range. The influence of Reynolds number and leading-edge roughness height are assessed. Reynolds number variation in the range of 2.1 × 10 6 ≤ Re ≤ 2.7 × 10 6 has a rather small effect on the aerodynamic coefficients. At the highest Reynolds number, applying trip dots with a relative disturbance height of h d /l µ = 0.019% results in the most downstream separation onset. Mean pressure distributions show that increasing the roughness size shifts the vortex separation onset upstream. However, prior to stall, the global aerodynamic coefficients are less affected. The flow field during stall and post-stall, which is dominated by the vortex collapse, shows a clear correlation with the disturbance height: the stall phenomenon is more abrupt, when roughness height is increased. Above h d /l µ = 0.125%, an increase in roughness size produces no significant effect on the measured aerodynamic coefficients (C L , C D and C MY ). These larger roughness heights extend above the local boundary layer thickness and manipulate the outer flow, inducing separation.
Surface pressure fluctuations have largest amplitudes, when breakdown occurs for the leading-edge vortex of highest strength. Adding roughness around the leading edge leads to premature separation and lower rms values of the surface pressure coefficient. In the breakdown flow field, spectral analysis reveals the existence of two dominant frequency ranges at moderate angles of attack. With increasing angle of attack, the dominant frequencies decrease. Around stall, only one spectral peak is detected. Its frequency is close to the helical mode frequency, typical for highly swept wings, but associates in the present case to unsteadiness generated by shear layer instabilities. The roughness size influences to a greater extent the vortex separation onset, but less the flow unsteadiness. Small but clear deviations are observed when the roughness size is increased: with trip dots, the frequencies are highest and increasing the grit size increases by a small amount the instability wave number. Around stall, the dominant frequencies are rather insensitive to the leading-edge roughness height and decrease with further angle of attack increase. 
